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The status of the proton radius puzzle (as of the date of the Confer-
ence) is reviewed. The most likely potential theoretical and experimental
explanations are discussed. Either the electronic hydrogen experiments
were not sufficiently accurate to measure the proton radius, the two-
photon exchange effect was not properly accounted for, or there is some
kind of new physics. I expect that upcoming experiments will resolve this
issue within the next year or so.
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This title is chosen because understanding of the proton radius puzzle requires
knowledge of atomic, nuclear and particle physics. The puzzle began with the pub-
lication of the results of the 2010 muon-hydrogen experiment in 2010 [1] and its
confirmation [2]. The proton radius (r2p = −1/6G′E(Q2 = 0) was measured to be
rp = 0.84184(67) fm, which contrasted with the value obtained from electron spec-
troscopy rp = 0.8768(69) fm. This difference of about 4% has become known as the
proton radius puzzle [3]. We use the technical terms: the radius 0.87 fm is denoted
as large, and the one of 0.84 fm as small. At that time the large value was consistent
with that obtained (with much larger uncertainties) from electron scattering. The
significant recent discussion of extraction of rp from electron scattering will not be
addressed here, except to remark that very different values of rp have been obtained
from the same data set. The PRAD experiment [4] plans to remove this problem
by making measurements in the range 7.7 × 10−3 < Q2 < 0.13 fm−2, which may be
sufficient for an accurate extraction.
One might wonder whether or not a 4% difference really matters. After all, 4%
is pretty small and the value of rp cannot be calculated to that accuracy. The real
issue is whether or not the fundamental electron-proton interaction is the same as the
muon-proton interaction. There have been hints that violations of the principle of
lepton-universality exist, and the issues discussed here may be part of a much wider
picture.
This subject has been reviewed in 2013 [5] and 2015 [6]. The present talk discusses
more recent experiments, and the attempts to explain the proton radius puzzle.
1 Experiments- H, D, 3He, 4He
In a conference talk in 2014 (Mainz, 2 June 2014) R. Pohl reported that the proton
radius rp = 0.8409±0.0004 fm as measured with muons and rp = 0.8770±0.045 fm as
measured by an average of electron inputs. That difference is 7.9 standard deviations.
It is also known that the deuteron radius as measured by muons [7] is smaller also.
This is seen Fig. 1.
Preliminary data for muonic 3He and 4He have been reported [9]. The measured
radii are consistent with expected values. However, as of the date of CIPANP18, the
uncertainties for 3He were relatively large. Those for 4He are very small and present
a serious challenge for any theory for the proton radius puzzle.
Thus the summary so far is:
• there is a very significant difference between the muonic and electronic hydrogen
spectroscopy determinations of the the proton charge radius
• there is a similar difference in the deuteron, not totally arising from the differ-
ence in proton radii, implying an effect for the neutron charge radius
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Deuteron is smaller too
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Figure 1: Deuteron radius vs. proton radius The green horizontal line shows the value
of r2d as analyzed by the CODATA collaboration. The orange horizontal line shows
the muonic-deuteron value, which is smaller. The Hydrogen-Deuteron isotope shift
experiment [8] (blue line) provides the relation between r2d and rp. The vertical red
lines denote the large and small values of the proton radius. The fact that the red,
blue and orange lines do not intersect at the same point shows a discrepancy in the
result that has become known as the deuteron radius puzzle.
• there is no radius puzzle for 3He (large error bars)
• there is no effect in 4He (small error bars)
• any explanation of the proton radius puzzle must account for the above, assum-
ing that there is a difference between muon and electron hydrogen spectroscopy
1.1 New results from electronic hydrogen
Beyer et al [10] determined the proton charge radius from the 2s−4p transition finding
the small radius in agreement with the results of muonic spectroscopy. However, the
Paris group [11] measured the 1s−3s transition in electronic hydrogen and found the
large radius. This difference is unsettling as it raises the question of whether or not
electron-spectroscopy is sufficient to determine the proton charge radius to the desired
accuracy. Two transitions are needed to determine both the Rydberg constant and
the Lamb shift. Both of these experiments also use the 1s−2s energy difference which
tightly controls the value of the Rydberg constant. However, another experiment is
in progress (E. A. Hessels, conference talk): an original Lamb shift measurement of
the 2s − 2p energy difference that doesn’t rely on another transition.This might be
decisive.
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Possible resolutions of the proton radius puzzle include: (a) Electronic H muonic
spectroscopic determinations of the proton charge radius really do not disagree. (b)
There is some missing strong interaction effect in the two photon exchange diagram
that is responsible for the different determinations [12]. (c) The muon interacts
differently than electron! eg. [14, 15].
The remainder of this document shifts from the history to our efforts to explain
the proton radius puzzle.
2 How much is needed?
Suppose one wants to account for the apparent difference between electronic and
muonic determinations of the proton radius without requiring that the radii are actu-
ally different. This accounting can be done by finding a previously unaccounted effect
in the energy difference. Going back the the original determination [1], the measured
energy difference, 206.2942(32) meV, is written as a sum of three terms:
206.2942(32) = 206.0573(45)− 5.2262r2p + 0.0347r3p meV. (1)
One can account for the difference in radii by increasing the computed value of the
radius-independent contribution, 206.0573 meV, by a 0.31 meV attractive effect on
the 2S state. So one can try to resolve the proton radius puzzle finding a new effect
of that size and sign. The ideas in the literature include two-photon exchange effects
and new particles.
3 Two-photon Exchange
Two-photon exchange is an interesting effect because it produces an effect propor-
tional to the fourth power of the lepton mass. Thus it can be significant for muonic
hydrogen, but insignificant for electronic hydrogen. Fig. 2 shows the relevant Feynman
diagram. The energy shift depends on the real part of the virtual forward Compton
scattering amplitude. The imaginary part is measured, so one uses dispersion rela-
tions to get the needed real part. There are two spin-independent amplitudes known
as T1,2. But T1(ν,Q
2) does not fall fast enough as ν increases towards infinity to allow
Cauchy’s theorem to be used without using a subtraction. Thus one needs to use a
function T1(0, Q
2) that is not measurable for Q2 6= 0.
Previous work [12] found that there is enough freedom in this function to account
for the proton radius puzzle and not be in conflict with the computed proton-neutron
mass difference, which also depends on T1(0, Q
2). The computed energy shift repro-
duces the necessary 0.31 meV, and also produced a measurable effect in muon-proton
scattering.
3
However, the two-photon exchange effect also leads to a big contribution to the
Lamb shift for 4He. This is because the computed Lamb shift for a nucleus of
Z protons and N neutrons that arises from any hadronic effect is proportional to
Z3(ZδEpL + NδE
n
L) [16] where δE
p,n
L is a new contribution to the Lamb shift for a
proton (p) or neutron (n). Given EpL = 0.31 meV, one finds a shift of 4.8 meV for
4He, which is surely ruled out by the measured Lamb shift.
Nevertheless, the two-photon exchange effect was [1] the largest uncertainty in
the precision muonic Lamb shift proton measurement, and it remains the largest
uncertainty.
The two-photon exchange effect will be studied in the MUSE (muon scattering
experiment) [13] . This experiment will measure e± and µ± scattering on the proton.2
of momentum q = p′ − p.as:
Γµ(p′, p) = γµNF1(−q2) + F1(−q2)F (−q2)Oµa,b,c (2)
Oµa =
(p+ p′)µ
2M
[Λ+(p
′)
(p · γN −M)
M
+
(p′ · γN −M)
M
Λ+(p)]
Oµb = ((p2 −M2)/M2 + (p′2 −M2)/M2)γµN
Oµc = Λ+(p′)γµN
(p · γN −M)
M
+
(p′ · γN −M)
M
γµNΛ+(p),
where three possible forms are displayed. Other terms of
the vertex function needed to satisfy the WT identity do
not contribute significantly to the Lamb shift and are not
shown explicitly. The proton Dirac form factor, F1(−q2)
is empirically well represented as a dipole F1(−q2) = (1−
q2/Λ2)−2, (Λ = 840 MeV) for the values of −q2 ≡ Q2 > 0
of up to about 1 GeV2 needed here. F (−q2) is an off-
shell form factor, and Λ+(p) = (p · γN +M)/(2M) is an
operator that projects on the on-mass-shell proton state.
We use Oa unless otherwise stated.
We take the off-shell form factor F (−q2) to vanish at
q2 = 0. This means that the charge of the off-shell proton
will be the same as the charge of a free proton, and is
demanded by current conservation as expressed through
the Ward-Takahashi identity [24, 25]. We assume
F (−q2) = −λq
2/b2
(1− q2/Λ˜2)1+ξ . (3)
This purely phenomenological form is simple and clearly
not unique. The parameter b is expected to be of the
order of the pion mass, because these longest range com-
ponents of the nucleon are least bound and more suscep-
tible to the external perturbations putting the nucleon
off its mass shell. At large values of |q2|, F has the same
fall-off as F1, if ξ = 0. We take Λ˜ = Λ here.
We briefly discuss the expected influence of using
Eq. (2). The ratio, R, of off-shell effects to on-shell ef-
fects, R ∼ (p·γN−M)M λ q
2
b2 , (|q2| ≪ Λ2) is constrained by
a variety of nuclear phenomena such as the EMC effect
(10-15%), uncertainties in quasi-elastic electron-nuclear
scattering [26], and deviations from the Coulomb sum
rule [27]. For a nucleon experiencing a 50 MeV central
potential, (p · γN − M)/M ∼ 0.05, so λq2/b2 is of or-
der 2. The nucleon wave functions of light-front quark-
models [33] contain a propagator depending on M2.
Thus the effect of nucleon virtuality is proportional to
the derivative of the propagator with respect toM , or of
the order of the wave function divided by difference be-
tween quark kinetic energy and M . This is about three
times the average momentum of a quark (∼ 200 MeV/c)
divided by the nucleon radius or roughly M/2. Thus
R ∼ (p · γN −M)2/M , and the natural value of λq2/b2
is of order 2.
The lowest order term in which the nucleon is suffi-
ciently off-shell in a muonic atom for this correction to
produce a significant effect is the two-photon exchange
diagram of Fig. 1 and its crossed partner, including an
ℓ
P
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P
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FIG. 1: Direct two-photon exchange graph corresponding to
the hitherto neglected term. The dashed line denotes the
lepton; the solid line, the nucleon; the wavy lines photons;
and the ellipse the off-shell nucleon.
interference between one on-shell and one off-shell part
of the vertex function. The change in the invariant am-
plitude, MOff , due to using Eq. (2) along with Oµa , to be
evaluated between fermion spinors, is given in the rest
frame by
MOff = e
4
2M2
∫
d4k
(2π)4
F 21 (−k2)F (−k2)
(k2 + iϵ)2
(4)
×(γµN (2p+ k)ν + γνN (2p+ k)µ)
×
[
γµ
(l · γ − k · γ +m)
k2 − 2l · k + iϵ γν + γν
(l · γ + k · γ +m)
k2 + 2l · k + iϵ γµ
]
,
where the lepton momentum is l = (m, 0, 0, 0), the vir-
tual photon momentum is k and the nucleon momentum
p = (M, 0, 0, 0). The intermediate proton propagator
is cancelled by the off-mass-shell terms of Eq. (2). This
graph can be thought of as involving a contact interaction
and the amplitude in Eq. (4) as a new proton polariza-
tion correction corresponding to a subtraction term in the
dispersion relation for the two-photon exchange diagram
that is not constrained by the cross section data [34].
The resulting virtual-photon-proton Compton scattering
amplitude, containing the operator γµNγ
ν
N corresponds to
the T2 term of conventional notation [35], [36]. Eq. (4)
is gauge-invariant; not changed by adding a term of the
form kµ kν/k4 to the photon propagator.
Evaluation proceeds in a standard way by taking the
sum over Dirac indices, performing the integral over k0
by contour rotation, k0 → −ik0, and integrating over the
angular variables. The matrix elementM is well approx-
imated by a constant in momentum space, for momenta
typical of a muonic atom, and the corresponding poten-
tial V = iM has the form V (r) = V0δ(r) in coordinate
space. This is the “scattering approximation” [3]. Then
the relevant matrix elements have the form V0 |Ψ2S(0)|2,
where Ψ2S is the muonic hydrogen wave function of the
state relevant to the experiment of Pohl et al. We use
|Ψ2S(0)|2 = (αmr)3/(8π), with the lepton-proton re-
Figure 2: Two photon exchange
This experiment constrains the wo photon effect, which still survives at a signif-
icant level. If the large radius is corr ct, and the two photon effect is accounted for,
all leptons will the see the large radius. If the small radius is correct, and the two
photon effect is accounted for, all leptons will the see the small radius. This experi-
ment cannot detect the presence of a new light scalar particle, but if such exists and
the two photon effect is accounted for, all leptons will see the large radius.
4 Electrophobic scalar boson
There is another muonic anomaly [17]. This is in the well-known difference between
the measured and computed muonic magnetic moment. One can postulate a new
scalar boson that accounts for the missing magnetic moment. It is noteworthy that
the inclusion of a new scalar boson can account for the missing Lamb shift of 0.31
meV and the missing magnetic moment.
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The postulated scalar boson would be exchanged between a lepton and proton.
The requirements for such a particle include: (a) reproduce the µ− p Lamb shift (b)
cause almost no hyperfine effect in the muon-proton atom (c) produce a small effect
for the deuteron, and almost no effect in 4He (d) be consistent with the anomalous
magnetic moments of the muon and electron (e) avoid many other constraints (f) be
found. Items (a)-(e) have been covered.
These issues are discussed in the papers [18, 19, 20, 21]. We explain briefly how
this works [18]. A new scalar boson, φ, that couples to the muon and proton could
explain both the proton radius and (g−2)µ puzzles [14]. We investigated the couplings
of this boson to standard model fermions, f , which appear as terms in the Lagrangian,
L ⊃ efφff , where f = gf/e and e is the electric charge of the proton. Other authors
pursued this idea, but made further assumptions relating the couplings to different
species; e.g. in [14], p is taken equal to µ and in [15], mass-weighted couplings are
assumed. References [14] and [15] both neglect n. We made no a priori assumptions
regarding signs or magnitudes of the coupling constants. The Lamb shift in muonic
hydrogen fixes µ and p to have the same sign. e and n are allowed to have either
sign.
We focus on the scalar boson possibility because scalar exchange produces no
hyperfine interaction, in accord with observation [1, 2].The emission of possible new
vector particles becomes copious at high energies, and in the absence of an ultraviolet
completion, is ruled out [22].
Scalar boson exchange can account for both the proton radius puzzle and the
(g− 2)µ discrepancy [14]. The shift of the lepton (` = µ, e) muon’s magnetic moment
due to one-loop φ exchange is given by [23]. Scalar exchange between fermions f1
and f2 leads to a Yukawa potential,
V (r) = −f1f2αe−mφr/r. (2)
We used ∆aµ = 287(80) × 10−11, δEµHL = −0.307(56) meV within two standard
deviations. This value of δEµHL , is the same as the energy shift caused by using the
different values of the proton radius [1, 2] to explain the two discrepancies. This
allowed us to determine both p and µ as functions of mφ.
We used the constraints: (a) low energy scattering of neutrons on 208Pb [24],
sensitive to the couplings of the scalar to neutrons, n, and protons, p, to obtain
new bounds on mφ. Allowing independent values of n and p increased the allowed
parameter space. (b) The known NN charge-independence breaking scattering length
difference. (c) The binding energy of nuclear matter (d) The difference in the binding
energies of 3He and 3H and (e) the preliminary results on the Lamb shifts in muonic
deuterium and muonic 4He.
Using these observables we limited the ratio of the coupling of φ to neutrons and
protons, n/p. If the couplings to neutron and proton are of opposite sign, they
interfere destructively, masking the effects of the φ and substantially weakening the
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limits on the magnitudes of n, p. For a given value of n/p, we used the shift of the
binding energy in N = Z nuclear matter and the difference in binding energies of 3H
and 3He to constrain p.
We explored the coupling of the scalar to electrons, which is of particular exper-
imental importance because electrons are readily produced. We found limits on the
coupling e that are very strict.
In addition to muonic atoms, scalar exchange will affect the Lamb shift in ordinary
electronic atoms. To set limits on the coupling, we required that the change to the
Lamb shift in hydrogen is δEHL < 14 kHz [25](2 S.D.). The publications [18, 19, 20, 21]
show the allowed regions of parameter space.
The latest work along these lines used the additional constraints provided by η
decay [21] to find that the electron beam dump experiments limit the allowed range
of mφ to between about 200 keV and 3 MeV. This narrow range represents an inviting
target for ruling out or discovering this scalar boson.
5 Summary
This talk was concerned with the main resolutions of the proton radius puzzle. Either
the electronic hydrogen experiments were not sufficiently accurate to measure the
proton radius, the two-photon exchange effect was not properly accounted for, or
there is some kind of new physics. I expect that upcoming experiments will resolve
this issue within the next year or so.
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